The Navachab Gold Mine is an open-pit operation that started production in 1989 at an average gold grade of 2 g/t. Ore mineralization includes pyrrhotite, chalcopyrite, arsenopyrite, sphalerite, molybdenite, scheelite, and uraninite (Nortemann et al., 2000). The metallurgical flow sheet comprises crushing, milling, carbon-in-pulp leaching, and electrowinning.
shows the layout of the leach section, which consists of one pre-oxidation tank and eight leach tanks with a total residence time of approximately 18 hours. The throughput is 200 t/h with the feed at 75% passing 75 μm and pulp density 50% solids. Oxygen is injected into the tanks to obtain DO (dissolved oxygen) levels of approximately 25 ppm, while the cyanide concentration is maintained at approximately 200 ppm. The pH ranges between 9.6 and 10.2.
The plant currently achieves an extraction of approximately 67% in the leach section and a final extraction of 86% after adsorption. It is undesirable for leaching to be far from completion before the slurry contacts the carbon because firstly, oxygen as well as cyanide is limited, which limits the amount of gold that actually goes into solution. Secondly, carbon flows countercurrent to the slurry, thus gold losses are likely to occur (especially in the last tank) as the carbon will be pumped upstream without accessing the rest of the soluble gold. The unsatisfactory extraction in the leach section could be attributed to:
® The presence of sulphides like pyrrhotite and arsenopyrite, which can consume cyanide as well as oxygen during leaching. ® Preg-borrowing constituents in the ore, which results in a high content of gold in the leach residue, which is subsequently desorbed from the pregborrowing constituent by competitive adsorption onto the more active activated carbon in CIP. ® Insufficient residence time in the leach section for the current throughput.
The aim of this research was therefore to investigate whether it is possible to improve the leaching performance, by investigating the following:
® Whether varying certain leach parameters can improve the extraction ® The impact of adding lead nitrate on gold extraction and cyanide consumption ® The possible benefits of CIL (carbon in leach) ® The impact of extending the residence time.
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The three factors investigated were cyanide concentration, pH, and lead addition (as lead nitrate). In order to allow all combinations of factors and levels to be incorporated, a full factorial design was generated using Minitab (2010). Table I shows the different factors and the levels at which they were investigated. Each run was replicated.
The leach tests were carried out using the standard bottle roll method. A slurry sample was collected from the leach feed distribution box. The sample was then filtered and dried. Tap water was added to achieve the desired pulp density of 50% solids. Sodium hydroxide was used for pH modification and 99.5% pure oxygen was bubbled into the slurry. The dissolved oxygen (DO) levels were maintained above 8 mg/l for the duration of each test. Lead nitrate, when used, was added during the first hour. A 20% NaCN (sodium cyanide) solution was then added to achieve the desired concentration and the bottle was rolled for 48 hours. The pH was monitored regularly and adjusted with sodium hydroxide. Samples were taken at 2-hour intervals and filtered, and the filtrate and residue were submitted to the Navachab laboratory for analysis. All samples were analysed for gold to determine the metal extraction. The filtrate was also analysed for final cyanide concentration by titration with silver nitrate.
The objective of this test was to observe the effect of adding carbon earlier during leaching. This test was carried out using the standard bottle roll procedure as outlined above. Table II shows the parameters for the CIL test.
The objective of this test was to observe the effect of extending the residence time on the extraction. A sample of 4 litres was collected from tank 7 (the last tank in the leach train) and subjected to further leaching using bottle roll tests. Table III shows the parameters for the extended residence time test. The test was duplicated.
The Navachab team was also interested in investigating how an extended residence time would affect the extraction on a plant scale. Tank 7 was bypassed and allowed to run in batch mode for 24 hours. The conditions in the reactor mimicked those of the plant in terms of pH, cyanide and dissolved oxygen concentration, and slurry density. Two runs of this test were conducted. Samples were taken at predetermined time intervals. The filtrate and solids were analysed to determine the gold extraction as well as cyanide concentrations. Table IV shows the parameters for the extended residence time test.
It can be observed from Figure 2 that an increase in the cyanide concentration from 200 ppm to 400 ppm resulted in a 0.5% increase in extraction. An increase in cyanide concentration accelerates leach kinetics.
According to Miguel (2014) , sulphide ions adsorb strongly onto the gold surface, which suppresses gold leaching. The introduction of lead nitrate resulted in a 2.28% increase in extraction. Studies have shown that the addition of lead nitrate can be beneficial to gold leaching kinetics. L 458 VOLUME 118 Lead passivates the surface of reactive sulphides and forms insoluble lead sulphide, thus effectively preventing the solution from contacting the sulphides. Lead also decreases complexation with cyanide, thereby reducing cyanide consumption. An increase in the pH range from 9.6-10.2 to 10.5-11 resulted in a 1.34% decrease in extraction. The electrochemical driving force for gold dissolution is maximized at pH values between 9.0 and 9.5 (Marsden and House, 2006). Thus, it can be inferred that the leach kinetics were likely faster at lower pH values of 9.6-10.2. Figure 3 shows the main effect of each factor on the cyanide consumption. An increase in the cyanide concentration from 200 ppm to 400 ppm resulted in a 23 g/t increase in cyanide consumption.
The introduction of lead nitrate resulted in a 34 g/t decrease in cyanide consumption. According to La Brooy, Linge, and Walker (1994), reactions involving sulphides may consume cyanide and oxygen and produce various solution species that can decrease the efficiency of gold leaching. Pyrrhotite is the most reactive iron sulphide mineral in cyanide:
Pyrrhotite >>> Marcasite > Arsenopyrite > Pyrite
The addition of lead nitrate could have resulted in the passivation of these cyanide consumers, resulting in a decrease in the amount of cyanide consumed.
An increase in the pH range from 9.6-10.2 to 10.5-11 resulted in an 11.9 g/t decrease in cyanide consumption. This is probably due to the fact that less cyanide is lost as hydrogen cyanide gas at higher pH values. At a pH of around 9.3, half of the total cyanide is available as HCN (hydrogen cyanide) and half as free cyanide ions. Above pH 10, more than 90% of the total cyanide is available as free cyanide ions, while at a pH of around 8.4 more than 90% of the total cyanide is present as hydrogen cyanide gas. In order to reduce cyanide loss as HCN, cyanide leaching is usually conducted at a pH between 10 and 11 (Marsden and House, 2006) .
Higher order interactions were calculated using Minitab (2010) and found to be minimal, and are thus neglected. Figure 4 shows that the CIL test achieved the highest average extractions based on both solids and solution analysis. Carbonaceous components in the ore can adsorb dissolved gold during leaching, thus reducing gold extraction. It has been reported that in some cases, as little as 0.1% carbon can have preg-robbing (removing gold from solution irreversibly) or preg-borrowing (removing gold from solution reversibly) properties (Marsden and House, 2006) . The higher extractions by CIL are an indication of possible pregborrowing during the normal leach, which is eliminated by the addition of activated carbon during leaching, thus indicating the benefit of CIL.
Extending the residence time by 4 hours resulted in a significant decrease in the solid residue grade, from 0.66 g/t to 0.43 g/t. This benefit is also confirmed by the extraction curves ( Figure 5 ), which show an increase in the extraction of more than 5% with the longer residence. Figure 6 shows the trend lines obtained from the results of the tank 7 test. It can be observed that the extraction increases with time, which shows the potential benefits of adding an extra tank to the leach circuit. The retention time determines the contact time between gold particles and reagents. Typical residence times in a leach section may range from 12-48 hours, depending on the head grade and nature of the ore (Marsden and House, 2006) . In practice, most gold plants tend to operate between 24-36 hours' residence time.
Test work to examine the potential for improving gold leaching performance at Navachab 459 VOLUME 118 Test work to examine the potential for improving gold leaching performance at Navachab Table V shows the cost analysis that was done for the month of July 2017. The gold price used is that for 17 August 2017. An increase in cyanide dosage resulted in a 0.5% increase in gold extraction and a 23 g/t increase in cyanide consumption. Adding lead nitrate to leaching increased the extraction by 2.3% and decreased the cyanide consumption by 34 g/t. The lead nitrate consumption was 100 g/t. Increasing the pH decreased the extraction by 1.3% and decreased cyanide consumption by 12 g/t. A higher sodium hydroxide addition was necessary to maintain the higher pH levels.
L
The cost benefit of changing each parameter was calculated and evaluated as a percentage of the revenue that Navachab achieved for the month of July. The cost analysis showed that an increase in the cyanide concentration and the introduction of lead nitrate can have potential financial benefits. However, an increase in the pH value resulted in a negative net benefit.
An increase in the cyanide levels improves gold extraction but results in increased cyanide consumption. However, the cost analysis showed an overall benefit of increasing the cyanide levels. The addition of lead nitrate improves extraction and reduces cyanide consumption. The introduction of lead nitrate could be very advantageous to Navachab's leaching circuit. An increase in pH reduces cyanide consumption but also reduces gold extraction. This resulted in a negative net benefit.
CIL shows potential benefits in terms of extraction. The ore might contain preg-borrowing matter to the point where it is limiting the extraction of gold. On the other hand, extending the residence time showed similar results to the CIL tests. Thus adding an extra tank to the circuit might be more beneficial to the process than choosing a CIL route. Finally, the results indicate that there is possibly leaching taking place after 18 hours of residence time.
The following measures are recommended. ® Increase cyanide levels but monitor the amount of cyanide lost to the tailings to prevent any environmental issues. ® Plant trials should be performed to verify the benefit of lead nitrate addition. Navachab can decide whether the lead nitrate will be purchased in solution form or as dry crystals. If it is bought in solid form, then a make-up facility will be required. The lead nitrate can be dosed before or during leaching. According to Miguel (2014), these trials can last up to 3 months, and the benefits should be observable after a month. ® Maintain current pH levels. ® Conduct more trials on tank 7, as only two runs were conducted during the course of this research. ® Further test work should be conducted on the benefits of CIL and increasing the residence time.
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